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The complete nucleotide sequence of the 5*-untranslated region (5*-UTR) of the genome of three ECHO virus type 25
strains (the JV4 reference strain and two wild isolates) was determined. The 5*-UTR of the two isolates shared 85 and 82%
nucleotide identity with the reference strain. The overall folding of the predicted secondary structure of the ECHO virus
5*-UTRs showed significant conservation with that of the poliovirus. Most significant differences were observed in specific
domains of the predicted IRES of the wild isolates. The efficiency with which ECHO virus type 25 5*-UTRs promoted internal
initiation of translation was examined in an in vitro translation system. At low doses of input RNA, all three 5*-UTRs were
similarly efficient in promoting internal ribosome entry and behaved similarly to the poliovirus IRES in that downstream
cistron translation was markedly stimulated by the addition of HeLa cell extracts to standard reticulocyte lysates. At high
RNA doses, the JV4 5*-UTR was much more efficient than the other two ECHO virus 5*-UTRs. This difference was much
less marked when reticulocyte lysates were supplemented with 20% HeLa S-10 extracts, which suggests that the two less
efficient 5*-UTRs were characterized by a reduced binding capacity to at least one factor present in HeLa cells. In MRC5
cell S-10 extract, internal initiation of translation was stimulated from the IRES of all three ECHO strains, the M1262 IRES
being the least stimulated. q 1996 Academic Press, Inc.
INTRODUCTION of the poliovirus type 1 5*-UTR are predicted to fold into
a cloverleaf structure and form the heart of a ribonucleo-
ECHO viruses belong to the enterovirus genus of the
protein complex which is required for positive-strandpicornaviridae and are the enteroviruses most frequently
RNA synthesis during virus multiplication (Andino et al.,isolated from clinical samples (Melnick, 1990). They com-
1990, 1993). This region is followed by the internal ribo-prise a large number of serotypes (at least 31), and are
some entry segment (IRES), a highly structured elementresponsible for a wide variety of clinical syndromes in-
(about 450 nt long) which allows ribosomes to enter thevolving most organs of the human body (Melnick, 1990).
RNA without scanning from the 5* end (Pelletier and So-Even when isolates of a single serotype are considered,
nenberg, 1988). The 5* and 3 * boundaries of the poliovi-a multitude of clinical consequences of infection can be
rus IRES are at approximately nt 134 and 585, respec-evidenced (for ECHO virus type 25, see, for example,
tively (Nicholson et al., 1991), although a correctly spacedBarbi Guidotti, 1983; Bell et al., 1965; McKinney et al.,
downstream AUG codon is required for IRES activity (Pili-1987; Moritsugu et al., 1968; Rosen et al., 1964; Van der
penko et al., 1992). This element can confer efficient cap-Sar, 1979). Not surprisingly, as we have recently shown
independent internal initiation of translation on heterolo-for ECHO virus type 25, different isolates of a given sero-
gous RNAs (Nicholson et al., 1991; Meerovitch and So-type differ in their replicative capacities in cell culture
nenberg, 1993). In addition to its function in translation(Bailly et al., 1994).
initiation, the IRES of poliovirus type 1 contains signalsWe previously postulated that some of the phenotypic
necessary for viral RNA synthesis per se (Borman et al.,differences between the three isolates which we have
1994).studied (the strains JV4, M1262, and Th222) could be
Approximately 150 nt of no known function separateexplained by sequence variations within the 5*-untrans-
the 3 * boundary of the IRES from the authentic translationlated region (5*-UTR) of their genomes (Bailly et al., 1994).
initiation codon. This region can be deleted with littleIn this respect, the best studied of the enteroviruses are
or no effect on virus growth (Kuge and Nomoto, 1987;the polioviruses. On the basis of functional properties
Pilipenko et al., 1992). Furthermore, insertions into thisand structural characteristics, the 5*-UTR can be consid-
region are also tolerated provided they do not containered as a tripartite element. The first 88 nucleotides (nt)
an AUG triplet (Kuge et al., 1989) or introduce a stable
secondary structure (Pelletier and Sonenberg, 1988). The1 To whom correspondence and reprint requests should be ad-
dressed. primary sequence of the distal part of this region varies
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greatly between different poliovirus strains (Rivera et al., have shown similarities to the distal part of the 5*-UTR
of other enteroviruses, particularly the group B coxsack-1988).
On the basis of IRES sequence conservation and sec- ieviruses (Romero and Rotbart, 1995). We report here the
entire sequence of the 5*-UTRs of the ECHO virus typeondary structure, picornaviruses can be classed into
three distinct groups: enteroviruses and rhinoviruses, 25 JV4 (reference strain), M1262, and Th222 strains, and
demonstrate that these 5*-UTRs contain an IRES whichcardioviruses and aphthoviruses, and hepatitis A virus
(Jackson et al., 1990). Also, the IRESs of entero- and is similar to those of other enteroviruses. We present
evidence showing that the IRESs of the three ECHO virusrhinoviruses share several functional features which dis-
tinguish them from the IRESs of cardio- and aphthovi- type 25 strains differ in their intrinsic ability to direct
translation initiation. While all three IRESs require sup-ruses (Agol, 1991). According to the currently accepted
model, the actual ribosome binding site is at the 3 * end plementation of RRL with extracts from cells such as
HeLa or MRC5 for activity, they have different bindingof the IRES, or near an AUG triplet about 20–25 nt down-
stream of an oligopyrimidine tract (Jackson et al., 1990). affinities for one or more essential cell proteins present
in such extracts.As stated above, for entero- and rhinoviruses this is a
considerable distance upstream from the translation initi-
ation site, whereas for cardio- and aphthoviruses, the MATERIALS AND METHODS
AUG triplet involved in the ribosome entry site is the
Virus strains and cellsauthentic initiation codon. A second difference is evi-
denced by the characteristics of IRES-driven translation ECHO virus type 25 JV4 reference strain and the polio-
in vitro. Initiation of translation from a cardio- or aphthovi- virus type 1 Mahoney strain were obtained from the
rus IRES is accurate and extremely efficient in the rabbit World Health Organization Collaborating Center, Na-
reticulocyte lysate (RRL) system, whereas that from an tional Reference Center for Enteroviruses, Lyon, France.
entero- or rhinovirus IRES is inefficient and inaccurate in The two ECHO virus type 25 clinical isolates used in this
this system unless the lysate is supplemented with ex- study (called M1262 and Th222) have been described
tracts from HeLa cells, L cells, or Krebs II ascites cells previously (Bailly et al., 1994). HeLa S3 cells were grown
(Brown and Ehrenfeld, 1979; Borman and Jackson, 1992; in suspension in S-MEM (Eagle’s minimum essential me-
Dorner et al., 1984; Jackson, 1989; Svitkin et al., 1988). dium for spinner cells) supplemented with 10% newborn
Presumably, all the factors needed for the cardio- and calf serum. Human lung embryonic MRC5 cells (Labora-
aphthovirus IRESs are present in RRL in sufficient toire BioMe´rieux, Marcy L’Etoile, France) were grown as
amounts, whereas entero- and rhinovirus IRESs also re- monolayers in EMEM (Eagle’s minimum essential me-
quire factors absent from, or limiting in, RRL, i.e., nonca- dium) supplemented with 15% fetal calf serum. S-10 ex-
nonical eucaryotic initiation factors. Such factors may tracts from HeLa S3 and MRC5 cells were prepared es-
promote and stabilize secondary and/or tertiary struc- sentially according to the previously described method
tures or may facilitate ribosome binding, although there (Borman and Jackson, 1992).
is still much confusion about the role of noncanonical
initiation factors in the internal initiation of translation of Preparation of cytoplasmic RNAs for reverse
the RNA of picornaviruses (for a review, see Meerovitch transcription, PCR amplification of cDNAs, and
and Sonenberg, 1993). Several HeLa cell proteins that sequence determination
are not canonical translation initiation factors and which
are absent from, or limiting in, RRL have been shown to Cytoplasmic RNAs were isolated from infected MRC5
cells grown in 60-mm tissue culture dishes at 7 hr postin-bind to entero- and rhinovirus IRESs (Meerovitch and
Sonenberg, 1993). Of these, La antigen has been re- fection. Infected MRC5 cell monolayers were washed
once with cold phosphate-buffered saline and lysed inported to stimulate the translation of poliovirus RNA
(Meerovitch et al., 1993), and it has been proposed that 200 ml of cold lysis buffer: 10 mM Tris–HCl pH 7.4, 150
mM NaCl, 2 mM EDTA, and 0.5% (v/v) Nonidet P-40.a high Mr complex containing the polypyrimidine tract
binding (PTB) protein and a 97-kDa polypeptide (p97) Cytoplasmic RNAs were separated from cellular proteins
by three consecutive extractions, one with acid phenolstimulates initiation of translation on the human rhinovi-
rus (HRV) IRES (Borman et al., 1993). (pH 4.3), one with phenol/chloroform/isoamyl alcohol (25/
24/1), and one with chloroform. cDNA was synthesizedTo date, the determination of ECHO virus 5*-UTR se-
quences and the study of their role in translation have in a volume of 20 ml from 5 mg of cytoplasmic RNA,
with AMV reverse transcriptase (Boehringer-Mannheim,been largely neglected. The recently characterized
ECHO virus type 22 has been reported to harbor a puta- Meylan, France) and oligo(dT)15 as a primer. The first 900
nucleotides of the genomic RNA of ECHO virus type 25tive IRES which is quite similar in sequence to the cardio-
and aphthovirus IRESs (Hyypia¨ et al., 1992), whereas strains were amplified from 5 ml of the cDNA with 50
pmol of each of the following primers: 5NC[011] 5*-about 300 nt which have been sequenced for an example
of each of ECHO virus types 2, 4, 6, 9, 11, 12, and 30 TCAGCGGCCGCTTAAAACAGCCTGTGGG-3 * (NotI site
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is underlined), and VP4[901] 5*-GTGAACTTACCCGGG- or MRC5 cell lysates comprised 20% volume of the reac-
tion mixture with the initial S-10 extract being diluted inTCTTG-3 * (complementary to nt 901–882 of coxsackie-
virus type B3). Amplification with 2.5 U of Taq DNA poly- H100 buffer (10 mM HEPES–KOH, pH 7.5, 1 mM MgCl2 ,
0.1 mM EDTA, 100 mM KCl, 7 mM b-mercaptoethanol)merase (Boehringer Mannheim) was performed in 33 cy-
cles, the first consisting of denaturation for 5 min at 957, as indicated in the figure legends. Otherwise, reactions
typically contained 65% volume of RRL (Flexi rabbit reticu-primer hybridization for 1 min at 467, and elongation for
1 min at 727, and 32 cycles consisting of 40 sec at 957, locyte lysate system, Promega), 750 mCi/ml of L-[35S]-
methionine (Amersham International, 1000 Ci/mmol),1 min at 527, and 1 min at 727. Samples were run on a
Hybaid thermocycler. For sequencing and cloning, ampli- unlabeled amino acids each at 0.1 mM except L-leucine
and L-valine at 0.15 mM, and no L-methionine, and addedfication products were purified from low-melting-point
agarose by phenol/chloroform extraction. The determina- KCl and MgCl2 to the concentrations indicated in the
figure legends. Uncapped RNA transcripts were addedtion of the nt sequence of the purified PCR products was
carried out at ESGS (Montigny-Le-Bretonneux, France). in a volume less than 4% of the final reaction volume, at
concentrations appropriate to the assays. Reactions
Plasmid constructions were incubated at 307 for 90 min and translation products
were resolved in 20% polyacrylamide gels and analyzedEscherichia coli strain TG1 was used for the propaga-
by autoradiography of the dried gels with Hyperfilms b-tion of plasmids. Recombinant DNA procedures used in
max (Amersham) after overnight exposure. Densitometricthis study were essentially as described elsewhere
analysis of translation efficiency was performed as de-(Sambrook et al., 1989). The plasmid construct pXLJO
scribed elsewhere (Ziegler et al., 1995).has been described previously (Borman and Jackson,
1992). Plasmid pXLJ-PV1 was constructed by digestion
Nucleotide sequence accession numbersof plasmid pKK-C2 with Asp 718 and MscI and insertion
of the in-filled fragment corresponding to nt 67–629 of The ECHO virus type 25 sequences reported in this
poliovirus type 1 (Mahoney strain) into pXLJO which had paper have been deposited at the EMBL database. The
been linearized with SalI and the cut ends in-filled accession numbers are X90722 (strain JV-4), X90723
(Ziegler et al., 1995). The PCR fragments corresponding (strain M1262), and X90724 (strain Th222).
to the first 900 nt of the 5*-UTR of ECHO virus type 25
strains JV4, M1262, and Th222 were digested with Asp RESULTS
718 I and either MscI or Ecl 136 II. The in-filled fragments
were inserted into pXLJO which had been linearized with Determination of the nucleotide sequence of the
SalI and the cut ends in-filled. The insert orientation was entire 5*-UTR of three strains of ECHO virus type 25
chosen such that the in-filled MscI site led into the NS*
We have previously reported significant differences ingene sequence in plasmid pXLJ-EJAM and the in-filled
the replicative cycle of three strains of ECHO virus typeEcl 136 II site led into the NS* gene sequence in plasmids
25 in cultured cells (Bailly et al., 1994). We postulated thatpXLJ-EJAE, pXLJ-EM, and pXLJ-ET. Nucleotide sequences
sequence variations within the 5*-UTRs of their genomeswere determined throughout the entire ECHO virus insert
could explain some of these differences. We thereforewith T7 Sequencing Kit (Pharmacia Biotech).
set out to determine the sequences of the 5*-UTRs of the
genome of the three strains in question: JV4, M1262, andIn vitro transcription reactions
Th222. To this end, cDNAs were synthesized from the
Plasmids were linearized with EcoRI for subsequent RNA present in the cytoplasm of infected cells, with oligo
transcription reactions. Transcription reactions were per- (dT)15 as a primer. The regions corresponding to the first
formed with T7 RNA polymerase (Pharmacia Biotech) un- 900 nt were amplified from these cDNAs, and sequen-
der the conditions described elsewhere (Dasso and Jack- cing of the PCR fragments was performed on a mix of
son, 1989). RNA preparations were purified by repeated PCR products pooled from three independent PCR reac-
extractions with a mixture of phenol/chloroform (v/v), eth- tions. The same technique has already been used suc-
anol precipitation in the presence of sodium acetate, and cessfully (Zhang et al., 1993). The sequences obtained
washing in 70% ethanol. are presented in Fig. 1. As for all other picornaviruses
sequenced to date, the end of the 5*-UTR was defined
In vitro protein synthesis and analysis of translation
by the first AUG triplet which is not followed closely by
products
a stop codon (Fig. 1). Thus the 5*-UTRs of strains JV4,
M1262, and Th222 comprised 741, 742, and 743 nt re-In vitro translation reactions were carried out in
nuclease-treated rabbit reticulocyte lysates (Jackson and spectively. The nucleotide sequences of the 5*-UTRs of
the three strains of ECHO virus type 25 were alignedHunt, 1983) supplemented with HeLa or MRC5 cell ly-
sates prepared and treated with micrococcal nuclease manually and the alignments showed that strains M1262
and Th222 shared 85 and 82% nucleotide identity withas described previously (Borman et al., 1994). The HeLa
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the JV4 reference strain. As previously observed for other tronic mRNAs with this 5*-UTR as the intercistronic
enteroviruses (Rivera et al., 1988; Pilipenko et al., 1989) spacer (Fig. 2). The translation of such mRNAs in eukary-
and in different isolates of the same serotype of poliovi- otic cells or in in vitro translation systems has previously
rus (Po¨yry et al., 1992) the interstrain sequence variations proven a potent assay for internal initiation of translation
were not evenly distributed throughout the 5*-UTR in the on picornaviral 5*-UTRs (Jang et al., 1988; Pelletier and
ECHO virus type 25 strains. The first 88 nt showed 92% nt Sonenberg, 1988). Two alternative plasmids were con-
identity, whereas the region from nt 650 to the translation structed, pXLJ-EJAM and pXLJ-EJAE, such that the inter-
initiation codon showed only 62% nt identity. In the in- cistronic region contained nt 66 to 633 and nt 66 to 748
tervening region, the M1262 and Th222 strains shared respectively of the genome of the ECHO virus type 25
88 and 83% nt identity with the JV4 strain, reflecting the JV4 strain (Fig. 2), i.e., with 3 * boundaries either side of
identity of the entire 5*-UTR. Nucleotide transitions (U } the authentic initiation codon (Fig. 1). The dicistronic
C or A } G) account for most (at least 68%) of the varia- assay system used consisted of the cyclin B2 gene of
tions observed between the three strains. Interestingly, Xenopus laevis as the upstream cistron, and NS* of influ-
transversions between the JV4 strain and the Th222 enza virus as the downstream cistron (Borman and Jack-
strain were locally overrepresented compared to tranver- son, 1992). The efficiency of internal initiation of transla-
sions between the JV4 strain and the M1262 strain (see tion on mRNAs transcribed in vitro from plasmids pXLJ-
domain C in Fig. 1A). The comparison of the two isolates EJAM and pXLJ-EJAE was compared to that on mRNA
showed only 99 substitutions between their 5*-UTRs. transcribed from plasmid pXLJ-PV1 containing the polio-
Again, there was a considerable imbalance in the distri- virus IRES (Fig. 3A). The relative yield of labeled NS*
bution of these differences in the 5*-UTR since only eight product was calculated and used as an indicator of the
substitutions were observed in the region from nt 650 to efficiency of internal initiation of translation (Fig. 3B). In
the AUG codon. a crude RRL, the pattern of the translation products ob-
On the basis of the predicted secondary structure mod- tained from the control mRNA which carried a polylinker
els (Pilipenko et al., 1989; Skinner et al., 1989; Le and in the intercistronic spacer (Fig. 3A, lane 1) was un-
Zuker, 1990), it seemed extremely likely that the 5*-UTR changed when either the ECHO virus 5*-UTR (lanes 7
of the type 25 ECHO viruses contained an IRES of the and 10) or the authentic poliovirus IRES (lane 4) was
type described for the polio- and rhinoviruses (Jackson present as the intercistronic spacer. Many products
et al., 1994). Examination of the secondary structure pre- smaller than cyclin B2 were synthesized (lane 1) but
dictions in the 5*-UTRs of the type 25 ECHO viruses these proteins probably result from leaky scanning and
showed significant conservation of certain domains, no- initiation at downstream AUG triplets in the cyclin cistron
tably the first 90 nt of the ECHO virus genome folded (Kozak, 1989). The efficiency of initiation of rhino- and
into a cloverleaf structure identical to that thought to play enterovirus IRES-driven translation is extremely low in a
a role in poliovirus RNA replication (Andino et al., 1990). crude RRL and has an almost absolute dependence on
Little difference was observed in the overall folding of supplementation with extracts from HeLa or L cells (Bor-
the other domains; the most significant differences were man and Jackson, 1992; Brown and Ehrenfeld, 1979;
shortening (or lengthening) of the stems, and conse- Dorner et al., 1984) as we observed for the expression
quently opening (or closing) of the loops in domains C, of NS* from the poliovirus IRES (Fig. 3A, compare lanes
E, and F. Finally, certain putatively unpaired motifs are 5 and 6 with lane 4). Similarly, the insertion of the ECHO
also conserved throughout the 5*-UTRs of the three type virus type 25 5*-UTR as the intercistronic spacer led to
25 ECHO viruses and are similar to those of other entero- a dramatic increase in the expression of NS* upon the
viruses. These include short motifs on the loops of the supplementation of the RRL with a HeLa cell S-10 extract,
different domains and also the oligopyrimidine tract regardless of the construction considered (Fig. 3A, com-
(Jackson et al., 1994). pare lanes 8 and 11 with lanes 7 and 10; Fig. 3B). In
contrast, translation efficiency from the control mRNA
Internal initiation of translation from the ECHO virus
remained unchanged as the amount of added HeLa cell
type 25 JV4 5*-UTR
extract was increased (Fig. 3B). The level of NS* expres-
sion from pXLJ-EJAE mRNA appeared to be slightlyTo formally prove that the 5*-UTR of the genome of the
higher than that from pXLJ-EJAM (Fig. 3B): this could sim-ECHO virus type 25 JV4 reference strain contained an
ply be due to the fact that the two NS* products containedinternal ribosome entry segment, we constructed plas-
mids which would allow the synthesis of artificial dicis- respectively 10 and 9 methionine residues. Indeed, in
FIG. 1. (A) Alignment of the nucleotide sequence of the 5*-UTR of the genome of three strains of ECHO virus type 25 (the JV4 reference strain,
and two wild isolates named M1262 and Th222). (B) Predicted secondary structure of the 5*-UTR of the ECHO virus type 25 JV4 strain. Blacked out
residues denote positions which are absolutely conserved among all enteroviruses and rhinoviruses (according to Jackson et al., 1994). The
numbering system used refers to the JV-4 reference sequence.
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FIG. 2. Schematic diagrams of the plasmid constructions allowing the synthesis of dicistronic mRNAs. The first 900 nucleotides of the genome
of the ECHO virus type 25 strains JV4, M1262, and Th222 were amplified by PCR. The ECHO virus type 25 5*-UTRs were inserted into plasmid
pXLJO which had been linearized with SalI and the ends were blunted as either a long form (comprising nucleotides 66 to 748) after digestion of
the PCR fragments by Asp 718 I and Ecl 136 II, or a short version (nucleotides 66 to 633), after digestion of the PCR fragments by Asp 718 I and
MscI. The resulting plasmids are shown for the long (pXLJ-EJAE) and short (pXLJ-EJAM) JV4 constructions.
the absence of supplementation with a HeLa cell extract, maximum level of translation initiation attained on the
M1262 and Th222 IRESs was lower than that attainedthe apparent basal level of NS* expression differed simi-
larly. on the JV4 IRES (Fig. 4, compare lanes 9 and 12 with
lane 6). Furthermore, as the mRNA concentration wasThus, we concluded that the ability of the JV4 5*-UTR
to promote translation of the downstream cistron from increased, the efficiency of translation initiation on the
M1262 and Th222 IRESs dropped dramatically (comparedicistronic constructs via internal ribosome entry did not
require the sequence located between nt 633 and the lanes 7 and 10 with lanes 9 and 12), whereas that on
the JV4 or PV1 IRES was barely affected (compare lanes 1initiation codon at nt 742, and was similar to that of the
poliovirus type 1 5*-UTR in its requirement for supple- and 4 with lanes 3 and 6, respectively). This phenomenon
could not be attributed to the poor quality of the pXLJ-mentation of extracts from HeLa cells.
EM and pXLJ-ET mRNA preparations since the yield of
the upstream cyclin B2 cistron increased proportionallyRelative efficiencies of the IRESs of ECHO virus type
with increasing mRNA concentration (compare lanes 925 isolates for initiation of translation in vitro
through 7, or 12 through 10). It should be noted that the
The sequences determined for the three strains of salt optima for in vitro translation from M1262 and Th222
ECHO virus type 25 studied exhibited extensive nucleo- IRESs differed by approximately 10 mM from that of the
tide variation within the region shown to function as an JV4 IRES (data not shown). However, the conclusions
IRES in the JV4 strain (see Fig. 1A). Therefore, the ability drawn above were also true in a comparison in which
of the 5*-UTR of the M1262 and Th222 isolates to promote each mRNA was translated in its optimum conditions
internal initiation of translation from dicistronic mRNAs (data not shown).
was examined. Plasmids (pXLJ-EM and pXLJ-ET) con- The decrease in efficiency of IRES-driven initiation of
taining the cDNA corresponding to the 5*-UTR of the translation with increasing mRNA concentration shown
genome of each of the two isolates M1262 and Th222 in Fig. 4 prompted us to repeat this assay with an ex-
were constructed as described for the JV4 strain (Fig. tended range of mRNA concentrations (Figs. 5A–5C). It
2). In all cases, the sequence of the cloned cDNA was was clear that maximum expression of the NS* cistron
determined (data not shown): no difference was ob- was maintained at concentrations of approximately 27
served between the cloned cDNA in pXLJ-EM and the mg/ml of pXLJ-EJAE mRNA (Fig. 5A, lanes 7 through 3,
PCR product of the 5*-UTR of the M1262 genome. How- and Fig. 5C), whereas the maximum expression of NS*
ever, two transversions (A r T, and C r A) at positions was only maintained up to approximately 12 and 18 mg/
145 and 696 were observed in pXLJ-ET, and two transi- ml of pXLJ-EM and pXLJ-ET mRNAs, respectively (Fig.
tions (G610 r A, C615 r T) and one insertion at position 5A, lanes 14 through 12 and 21 through 18, and Fig.
621 in pXLJ-EJAE. 5C). At higher mRNA concentrations, the efficiency of
Messenger RNAs transcribed in vitro from plasmids initiation of translation of the NS* cistron, but not of the
pXLJ-EM and pXLJ-ET were used to program translation cyclin B2 cistron, dropped progressively (Fig. 5A, com-
reactions in the optimum conditions for internal initiation pare lanes 3 through 1, 12 through 8 and 18 through 15).
from the JV4 5*-UTR (Fig. 4). The results showed that Interestingly, the rate at which the efficiency dropped
pXLJ-EM and pXLJ-ET mRNAs induced expression of the was greater for pXLJ-EM mRNA than for the other two
NS* cistron via internal initiation of translation less effi- mRNAs (Fig. 5C). These results could be explained by a
reduced ability of the IRESs of ECHO virus type 25 iso-ciently than did the pXLJ-EJAE and pXLJ-PV1 mRNAs. The
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driven translation to be maintained at higher mRNA con-
centrations could be either a canonical translation initia-
tion factor or a protein specific to HeLa cells. To try to
distinguish between these two possibilities, we investi-
gated whether increasing the amount of RRL in the trans-
lation reaction, rather than the amount of HeLa cell
extract, would also result in increased efficiency of IRES-
driven translation initiation at a high input mRNA concen-
tration (Fig. 6). The results showed clearly that extra RRL
could not functionally substitute for HeLa cell S-10 extract
in increasing the efficiency of translation initiation.
We thus concluded that the IRES of ECHO virus type
25 isolates M1262 and Th222 differed from that of the
JV4 reference strain in their ability to functionally interact
with factors present in HeLa cell S-10 extracts and which
are required for internal initiation of translation.
Efficiency of the IRESs of ECHO virus type 25
isolates in MRC5 cell S-10 extracts
We previously showed that the MRC5 cell line was
one of the most sensitive, together with the HT 29-18 cell
line, for the multiplication of ECHO virus type 25 isolates
FIG. 3. (A) Translation in reticulocyte lysates of a dicistronic mRNA (Peigue-Lafeuille et al., 1990). Hence it could be argued
with part of the JV4 5*-UTR: comparison with the poliovirus 5*-UTR. that S-10 extracts from MRC5 cells would be more suit-
Uncapped dicistronic mRNAs containing the 5*-UTR of the ECHO virus
able than S-10 extracts from HeLa cells to stimulate intype 25 JV4 reference strain from nucleotides 66 to 633 (pXLJ-EJAM),
vitro translation from the 5*-UTR of ECHO virus type 25or from nucleotides 66 to 748 (pXLJ-EJAE), or the 5*-UTR of the poliovirus
type 1/Mahoney from nucleotides 67 to 629 (pXLJ-PV1) or no 5*-UTR strains. We therefore compared the capacity of extracts
(pXLJO), were translated at a concentration of 20 mg/ml, in the presence
of HeLa S-10 extract at 0% (lanes 1, 4, 7, 10), 5% (lanes 2, 5, 8, 11), or
20% by volume (lanes 3, 6, 9, 12). The concentration of KCl is optimized
for the translation of pXLJ-PV1 (final concentration 85 mM ). The reac-
tions were incubated at 307 for 90 min and the products resulting
from the translation of the dicistronic mRNAs were analyzed on 20%
polyacrylamide gels. Autoradiography was performed for 16 hr. Lane
13, no RNA added and 20% HeLa S-10 extract. (B) Results of the densito-
metric scanning of the autoradiogram (A) showing the relative efficiency
of NS* cistron translation. The relative yield of labeled NS* product is
the ratio of the intensity (in arbitrary units) of the band corresponding
to the product of the downstream cistron (NS*) relative to the intensity
of the band corresponding to the product of the upstream cistron (cyclin
B2). This parameter was used to minimize the dilution effect of [35S]-
methionine resulting from the supplementation of the in vitro translation
reactions with different amounts of HeLa cell extract.
lates M1262 and Th222, compared to that of the JV4
reference strain, to bind cellular factors which are re-
quired for translation initiation. To test this hypothesis,
the cell-free translation system was supplemented with
FIG. 4. Translation efficiency of the 5*-UTR of two ECHO virus type20% HeLa cell S-10 extract, rather than 5% (Fig. 5B). Ex-
25 isolates, comparison with the 5*-UTR of the JV4 strain and that ofpression of the NS* cistron from pXLJ-EM and pXLJ-ET
the poliovirus. Dicistronic plasmids containing part of the 5*-UTR of the
mRNAs was then rescued at all mRNA concentrations, ECHO virus type 25 wild isolates M1262 and Th222 were constructed
except at the very highest ones tested (Fig. 5B, lanes 8 as described for the JV4 strain (Fig. 2) and were named respectively
pXLJ-EM and pXLJ-ET. The translation efficiencies of pXLJ-EM (lanesand 15; Fig. 5C). Similarly, increasing the HeLa cell ex-
7–9) and pXLJ-ET (lanes 10–12) mRNAs were compared to those oftract content of the cell-free translation system from 5
pXLJ-EJAE (lanes 4–6) and pXLJ-PV1 (lanes 1–3) mRNAs at three differ-to 20% allowed the maximum expression of NS* to be
ent mRNA concentrations (40, 20, and 10 mg/ml) which are indicated
maintained up to a concentration of at least 40 mg/ml of at the bottom of the figure. The translation reactions were supple-
pXLJ-EJAE mRNA (Fig. 5B, lane 1; Fig. 5C). mented with 5% HeLa S-10 extract. Analysis of translation products
was exactly as described in the legend to Fig. 3.The factor which allowed efficient initiation of IRES-
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FIG. 5. Translation deficiency of the 5*-UTR of the ECHO virus type 25 wild isolates. Transcripts from the designated plasmids were translated
at concentrations ranging from 60 to 5.3 mg/ml (as indicated on the figure) in rabbit reticulocyte lysates supplemented with either 5% (A) or 20%
(B) HeLa S-10 extract. (C) Efficiency of translation of the NS* cistron was determined by densitometric scanning of the band corresponding to the
product of NS* cistron on the autoradiograms (A) and (B) in 5% (h) and in 20% (s) HeLa cell extract.
from HeLa and MRC5 cells to increase the efficiency of In contrast to HeLa cells, MRC5 cells are difficult to
grow in large quantities, and so for this assay the S-10IRES-driven translation from pXLJ-PV1, pXLJ-EJAE, pXLJ-
EM, and pXLJ-ET (Fig. 7). extracts were prepared in parallel from approximately
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to the polioviruses (coxsackievirus type A 16, 21, and 24)
and the second containing the enteroviruses related to
the type B coxsackieviruses (most of the ECHO viruses
and coxsackievirus type A9).
Nucleotide sequence analysis of the 5*-UTR of three
strains of ECHO virus type 25, the JV4 reference strain
isolated in the United States in 1957 (Rosen et al., 1964)
and two wild isolates M1262 and Th222 isolated in
France in 1976 and 1986, respectively (Peigue-Lafeuille
et al., 1991), fits this division. We analyzed the nt identity
in the 5*-UTR (excluding about the last 100 nt) of the
ECHO virus type 25 JV4 strain and representative mem-
bers of the enteroviruses: poliovirus type 1/Mahoney (Ki-
tamura et al., 1981), coxsackievirus type B3/Nancy (Lind-
berg et al., 1987), ECHO virus type 6 (F. Righthand, per-
FIG. 6. Effect of additional amounts of reticulocyte lysate on transla-
sonal communication), and coxsackievirus type A9/tion driven from the M1262 and Th222 5*-UTRs. Translation of mRNAs
Griggs (Chang et al., 1989). We observed that the JV4(40 mg/ml) synthesized from plasmids pXLJ-PV1 (lane 1), pXLJ-EJAE
(lane 2), pXLJ-EM (lane 3), and pXLJ-ET (lane 4) was performed in a strain was far more closely related (⁄86% nt identity)
standard translation reaction containing 5% HeLa S-10 extracts which to the viruses belonging to the coxsackievirus type B
was further supplemented with 15% H100 buffer, 15% HeLa S-10 extract, subgroup than to the poliovirus subgroup (78% nt iden-
or with 15% reticulocyte lysate as indicated on the figure.
tity). Intratypic nt sequence comparison of the type 25
ECHO viruses showed that the isolates M1262 and
Th222 shared 87 and 83% nt identity with the JV4 strain,the same number of cells for the two cell lines. The
and that the two isolates were not more closely relatedprotein content of the extracts was determined by the
to each other (87% nt identity) than to the reference strain.ultraviolet absorbance ratio A260/A280 and extracts were
The comparisons also indicate that the two isolates arediluted to the same approximate protein concentration
more distant from the JV4 strain than the JV4 strain isas the original HeLa S-10 extract. The S-10 extract pre-
from the coxsackievirus type B3 and the coxsackieviruspared from a low number of HeLa cells increased transla-
type A16 (Po¨yry et al., 1994) which share 92% nt identity.tion efficiency from the IRESs of both the poliovirus and
The range of intratypic nt variation of strains M1262 andECHO virus type 25 isolates; however, it was less potent
JV4 was in agreement with that found in the poliovirusesthan the original HeLa extract (Fig. 7A, compare lanes 3
(Po¨yry et al., 1992), whereas the Th222 isolate was moreand 4 with lane 2; Fig. 7B). This was possibly due to the
divergent.amount of cells used for the preparation of the two cell
We analyzed the distribution of nt variations in theextracts: the extract prepared from a low amount of cells
5*-UTR of the ECHO virus type 25 strains. Four domainswere more likely contaminated with lipids and other in-
with high nt variation were identified in the wild isolateshibitory components than the extract prepared from a
M1262 and Th222 and the JV4 reference strain. In thelarge amount of cells. The efficiency of internal initiation
first domain (positions 88 to 180, numbering accordingof translation from all the mRNAs was stimulated, in the
to Fig. 1A), 19 substitutions (12 transitions and 7 transver-presence of MRC5 cell extract, similarly to that in HeLa
sions) were observed between strains M1262 and JV4,cell extract prepared from approximately the same num-
whereas between strains Th222 and JV4, 34 substitutionsber of cells (Fig. 7B). On the basis of densitometric analy-
(18 transitions and 16 transversions) were identified. Insis, internal initiation of translation was less stimulated
the second domain (positions 480–520), the transitionsfrom the IRES of strain M1262 than from the IRES of
accounted for all the substitutions, whereas transitionsstrains JV-4 and Th222.
and transversions were equally represented in the third
domain (positions 570–590). The last domain in whichDISCUSSION
high nt variation is tolerated includes the last 98 nt of
the 5*-UTR (from position 650 to the initiation codon atThe genetic relationships between the ECHO viruses
and the other members of enteroviruses were investi- position 748). In this domain, the comparison of the two
wild isolates with the JV4 strain showed 37 substitutionsgated a few years ago by nucleic acid hybridization (Auvi-
nen et al., 1989; Auvinen and Hyypia¨, 1990). The results (43% were transversions) which accounted for only 16 to
20% of the total substitutions in the 5*-UTR. The situationshowed that the ECHO virus serotypes were closely re-
lated to coxsackievirus type B, with the exception of sero- is exacerbated when the two wild isolates are compared:
in the last 98 nt of their 5*-UTRs, the substitutions repre-type 22 and possibly that of serotype 23. The group of
enteroviruses should therefore be divided into two sub- sented only 8% of the total substitutions observed be-
tween the two strains. This is in contrast to results ob-groups, the first one containing the enteroviruses related
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FIG. 7. Translation of dicistronic mRNAs in various S-10 extracts. (A) The effect of S-10 extracts from various cells was tested on pXLJ-PV1, pXLJ-
EJAE, pXLJ-EM, and pXLJ-ET mRNAs (final mRNA concentration of 10 mg/ml). Standard in vitro translation reactions were supplemented with H-100
buffer (lanes 1), 5% of HeLa S-10 extracts used throughout the study (lanes 2), 5% (lanes 3) or 20% (lanes 4) of a batch of HeLa S-10 extract prepared
in parallel with the batch of MRC5 S-10 extract, or with 5% (lanes 5) or 20% (lanes 6) of MRC5 S-10 extract. (B) Results of the densitometric scanning
of the autoradiogram (A) showing the stimulation of NS* cistron translation. The relative yield of labeled NS* product was calculated for the different
conditions tested (see legend to Fig. 3) and the specific stimulation of internal initiation of translation was calculated: this is the ratio of the relative
yield of NS* product in S-10 extract to the relative yield of NS* product in H100 buffer. HeLa* denotes the batch of HeLa cell S-10 extract used in
all other experiments.
tained for the poliovirus subgroup. For instance, between gence of RNA viruses (Smith and Inglis, 1987). Despite
this mutation rate, the secondary structure of the 5*-UTRthe poliovirus type 3 strain Finland (Hughes et al., 1986)
and the poliovirus type 3 strain Leon 37 (Stanway et al., of enteroviruses is well conserved (Rivera et al., 1988;
Pilipenko et al., 1989; Skinner et al., 1989). We predicted1984) 48% of the substitutions in the 5*-UTR occurred in
the 3 * part of this region. The same comparison of the the secondary structure of the 5*-UTR of the ECHO virus
type 25 strains both to examine these regions for thepoliovirus type 3/Leon 37 and the poliovirus type 1/Maho-
ney showed that 41% of the substitutions were located possible presence of an IRES and to map the nt differ-
ences observed between the three strains with respect toin the 3 * part of the 5*-UTR. There is now evidence to
qualify the assertion (based exclusively on nt sequence a putative IRES. The first 90 nt of the poliovirus genome,
upstream of the IRES, fold into a cloverleaf structure in-from poliovirus strains) that the last 100 nt of the 5*-UTR
of the enteroviruses constitute a hypervariable region. volved in the replication of the genomic RNA (Andino et
al., 1990). We could predict a similar structure in theWhat is certain is that this region accounts for almost
half of the nt variations of the 5*-UTR in the polioviruses: genome of the three strains of ECHO virus type 25, with
no significant difference from that of the poliovirus (do-this was clearly demonstrated in a study involving 33
strains of poliovirus type 3 in which no conserved subre- mains A and B in Fig. 1A). The poliovirus IRES is com-
posed of five domains characterized by their secondarygion was identified in the downstream segment of the
5*-UTR (Po¨yry et al., 1992). However, our findings show structure (Rivera et al., 1988; Pilipenko et al., 1989; Skin-
ner et al., 1989). These domains were also predicted inthat in other enteroviruses, the region comprising the
first about 650 nt is also highly variable. the genome of the ECHO virus type 25 strains (domains
C through G). The overall secondary structure of the threeIt is recognized that the error rate of RNA-dependent
RNA polymerases plays a major role in the genetic diver- ECHO virus IRESs resembles that which is predicted for
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FIG. 8. Comparison of the predicted secondary structure of domain C from the 5*-UTR of the ECHO virus type 25 strains and the poliovirus type
1/Mahoney. Secondary structure predictions for the ECHO virus 5*-UTRs were performed manually.
the poliovirus. However, differences in the lengthening were constructed in which ribosomal scanning from the
5* end is prevented by placing the first cistron upstreamof the stems can be noted in domains E and F of these
5*-UTRs. Significant differences are also observed in the of the ECHO virus type 25 5*-UTR, and internal initiation
of translation is demonstrated by the synthesis of proteinlength of the distal stem of domain C: the stem encom-
passes 10 nt in strain JV4, whereas in strains M1262 and NS* encoded by the second cistron. Translation of the
downstream cistron in rabbit reticulocyte lysates pro-Th222, 8 and 7 nt are respectively involved (Fig. 8); these
variations will be discussed more accurately below. grammed with dicistronic transcripts containing part of
the JV4 5*-UTR in the intercistronic space showed that itThe conservation of the secondary structure in the 5*-
UTR of the ECHO virus type 25 strains strongly suggests contained an IRES and that the last 108 nt of the 5*-UTR
were not required for its activity. Furthermore, we showedthat it contains an IRES resembling that of other entero-
viruses. However, the extent of the nt sequence variabil- that the efficiency of internal initiation of translation from
the JV4 IRES is equivalent to, and even slightly higherity, and the observation that at least 60% of the variability
is located precisely in the segment of the 5*-UTR con- than, translation efficiency from the poliovirus IRES, irre-
spective of the presence or absence of the last 108 nttaining the putative IRES, was unexpected and intriguing.
We wanted to examine the possible functional conse- of the 5*-UTR. This result confirmed previous findings
which showed that the homologous segment can be de-quences of the observed differences on the activity of
the IRES elements of the ECHO virus type 25 strains; leted from the poliovirus RNA genome with no effect on
virus multiplication (Kuge and Nomoto, 1987) and fromthus we determined their intrinsic efficiency in promoting
internal initiation of translation in vitro. Dicistronic RNAs the HRV2 5*-UTR with little effect on the translation in
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vitro of monocistronic and dicistronic mRNAs (Borman (Po¨yry et al., 1994) and ECHO virus type 30 strain Basti-
anni (unpublished results). Indeed, the equivalent stemand Jackson, 1992). Internal initiation of translation in
vitro was also observed from the 5*-UTRs of the two in the M1262 5*-UTR is also of 8 paired nt in length, but
in the JV4 and Th222 5*-UTRs, the length of this stem iswild isolates, M1262 and Th222. However, translation
efficiency from the 5*-UTR of the two isolates was mark- very different (Fig. 8). The stem is likely to be relatively
stable in the JV4 5*-UTR (10 paired nt) and less stable inedly lower than that of the poliovirus and the JV4 strain,
indicating the presence of one or more suboptimal struc- the Th222 5*-UTR (only 7 paired nt, and 6 paired nt in
pXLJ-ET mRNA). In addition, the responses of translationtures, similar or not in the two IRES elements, which
decreased the rate of internal initiation of translation. efficiency to RNA concentration and cell extract addition
indicate a difference between the IRESs of the two wildIRES activity of the two ‘‘wild 5*-UTRs’’ was completely
rescued when the rabbit reticulocyte lysates were sup- isolates in the degree of the stimulation by HeLa cell
extracts. There are two additional characteristics thatplemented with 20% HeLa S-10 extracts, except at very
high mRNA concentrations. This result shows that the distinguish domain C in isolate M1262 from the other
enteroviruses: the presence of another long stem–loopreduced efficiency of internal initiation of translation from
the IRES of the two wild strains of ECHO virus type 25 structure made up of 9 paired nt, and the alteration of
an absolutely conserved sequence among the enterovir-resulted from a less efficient binding of one or more
cellular proteins present in HeLa cell extracts. The possi- uses (ACTNCTGT) to ACCTGT in this isolate (Fig. 8).
Thus, it is interesting to speculate that all differences inble involvement of canonical eucaryotic initiation factors
and other classical components of the translational ma- translation efficiency described here could be accounted
for by differences in the sequence or the structure ofchinery was eliminated since supplementation of rabbit
reticulocyte lysates with an additional amount of reticulo- domain C and the resulting effects on binding capacity
of this part of the IRES for specific proteins. Such ancyte lysate had no effect on the translation efficiency.
Thus, it seems that the IRESs of strains M1262 and Th222 interaction was evidenced for domain C with the poliovi-
rus (Del Angel et al., 1989). The authors demonstratedcontain a structural anomaly, either in the primary se-
quence or in the secondary structure, responsible for a the presence of the eukaryotic initiation factor eIF-2a in
a ribonucleoprotein complex formed with this region andless efficient binding of at least one cellular factor pres-
ent in HeLa cell extracts and that the reduced affinity for they stated that the RNA segment ‘‘was recognized and
bound by a cell factor(s) found in S10 extracts’’ from HeLathe cell factor(s) was responsible for the lower efficiency
of internal initiation of translation in vitro. To address the cells. It is possible that the cell factor(s) in question could
be involved in the lower efficiency of the internal initiationquestion of the possible location of such a structural
difference between the IRESs of the three ECHO virus of translation in vitro of the two wild ECHO virus IRESs
described here. Our future work is directed toward thetype 25 strains responsible for the functional differences,
we compared each of the constitutive secondary struc- identification of the protein components involved in differ-
ential ECHO virus translation efficiencies and the analy-ture domains to those of the poliovirus IRES. The only
marked structural difference able to explain both the high sis of the regions of the IRESs required to interact with
such factors.efficiency of the JV4 IRES and the lower efficiency of the
M1262 and Th222 IRES was observed, as mentioned
above, in domain C. The involvement of this domain in ACKNOWLEDGMENTS
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